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An Empirical Model for the Complex Dielectric
Permittivity of Soils as a Function of Water Content JAMES R. WANG AND THOMAS J. SCHMUGGE Abstract-The recent measurements on the dielectric properties of soils have shown that the variation of dielectric constant with moisture content depends on soil types. The observed dielectric constant increases only slowly with moisture content up to a transition point. Beyond the transition it increases rapidly with moisture content. The moisture value at transition region was found to be higher for high clay content soils than for sandy soils. Many mixing formulas reported in the literature were compared with, and were found incompatible with, the measured dielectric variations of soil-water mixtures. A simple empirical model was proposed to describe the dielectric behavior of the soil-water mixtures. This model employs the mixing of either the dielectric constants or the refraction indices of ice, water, rock, and air, and treats the transition moisture value as an adjustable parameter. The calculated mixture dielectric constants from the model were found to be in reasonable agreement with the measured results over the entire moisture range of 0-0.5 cm3/cm3. The [9] . Some of these measurements were made for many soil samples with widely different texture structures and thus provided systematic studies on the variation of the dielectric constant with soil texture [1] , [7] , [9] . The main objective of this paper is to present a model to represent these measured data. Toward this objective, some mixing formulas reported in the literature were compared with the measured data and found to be inadequate in describing the dielectric behavior of various soil-water mixtures. Two simple empirical approaches are therefore proposed to describe the dependence of the measured soil dielectric constants on the moisture content. In the first approach, the resultant dielectric constant of a soil-water mixture is expressed in terms of the direct mixing of the dielectric constants of the constituents. In the second approach, the complex indices of refraction of the constituents are mixed to give the resultant refractive index of the soil-water mixture. In contrast to the other previously reported mixing models, the biphase dielectric property for water in soils is assumed in both models here. For moisture contents below the transition moisture, the water in soils is thought to behave like ice and, consequently, the dielectric constant (or refractive index) for ice is used in the mixing, while above the transition moisture the dielectric properties of the liquid water are used. By varying the values of the transition moisture, both models are found to give a reasonably good fit to the measured data for soils with a wide range of textures. The transition moisture is observed to be strongly correlated with the wilting point of soils. Since the wilting point is related to soil texture [10] , the observed cor- GHz, Newton [7] at 1.4 GHz, and Wang et al. [9] at 5 GHz, for the moisture contents in these reports were given both in percent by dry weight and by volume basis.
II. THE EXPERIMENTAL DATA The measurements of dielectric constants at -5 GHz were made for four soil samples [9] . The measured dielectric constants plotted as a function of the volumetric water content (We) are presented in Fig. 1 . The dielectric measurements at 1.4 GHz for a number of soil samples were made by Newton [7] and by Lundien [1] . The results of these measurements by Lundien are shown in Fig. 2 . The textures, types, and wilting points of all soils measured at these two frequencies were summarized in Table I Each of the curves in Figs. 1 and 2 was obtained from the smoothing of the measured data points for a soil sample over the entire moisture range of 0-0.5 cm3/cm3. In each of the 1Computed from (1) .
2Determined from (2)- (5). 3Determined from (6).
these figures the soil types could be distinguished by the numbers assigned to the curves in accordance with For W,, < Wt, most water molecules are tightly bound to the soil particles. Results of many studies ([11] , and references therein) differed on the exact configurations of these water molecules. At any rate, it is difficult to polarize these water molecules and the bulk of water shows a smaller dielectric constant than that for the free water. In fact, the very first layer of water molecules around the soil particles were shown to have an activation energy of -12Kcal/mole, which is comparable to that of ice, rather than -4Kcal/mole for free water molecules [12] , [13] . The results of the dielectric measurements on soil-water mixtures by Hoekstra and Newton [7] appear to be generally larger than those measured by Lundien [1] , although both measurements -were carried out at about the same frequency of 1.4 GHz. The measurements of Lundien were made with an L-band interferometer. On the other hand, the technique employed by Newton [14] was similar to the infinite transition line method used in the 5-GHz measurements [9] . The soil samples used in both of these measurements covered a wide texture range. However, the soil samples used in the Newton's measurements generally possess a slightly larger WP range than those used in Lundien's measurements as indicated in Table I [24] . Some of these formulas were examined with the measured data on the mixtures of conducting particles in a pure dielectric host [25] . Poe, Stogryn, and Edgerton [26] also tested a few of these formulas with some measured data of soil permittivitymoisture variations. However, the data used by Poe et al.
were measured only at a few moisture values. As a result, it was difficult to assess whether any of the mixing formulas they examined had provided an adequate description on the dielectric behavior of soil-water mixtures. Table II gives a list of the mixing formulas considered to be adequate for a comparison with the experimental data acquired in recent years. The majority of these formulas dealt only with a mixture of two constituents. They basically implied a direct dependence of the mixture dielectric constant e on the dielectric constants (e1 and 62) and the volume fractions (f, and f2) of the constituents. Fig. 4 showed the families of curves generated by the eight formulas without free adjustable parameters. In the figure the real and imaginary parts of e1 for a dry soil were taken to be 3.0 and 0.01, respectively, which were close to the typical values measured at 1.4 GHz. The real and imaginary parts of e2 for pure water at 1.4 GHz were calculated to be 79.5 and 6.63 from a set of formulas [35] resulting from the curve fitting to the data of Lane and Saxton [28] . The measured dielectric constants at 1.4 GHz as a function of the volumetric water content for Yuma Sand and Vernon Clay [1] and Miller Clay [7] were also included in the figure for comparison. Only the real parts e'of both the measured and the computed dielectric constants appear in the figure. This omission of the imaginary part does not change the outcome of the following discussion. (2) and (4) to the experimental data. For the imaginary part of the dielectric constant at low frequencies it is necessary to add a conductivity loss [30] and the total dielectric loss Et becomes et = e + eXu =it 6 = e + a W 2 (6) where the conductivity loss Et is assumed to be proportional to W2 based on the data of soil listed in Table I . a is the ionic conductivity, in mhos/centimeter, and X is the wavelength, in centimeters. e" represents the imaginary part of the mixed dielectric constant from pure water and dry soil and is obtained from (2) and (4). a is the parameter chosen to best fit the measured et,
In the second approach, the mixing is done using the indices of refraction of water, ice, air, and rock. The expression for the mixing are in the same forms as (2)-(5), with e, Ca, eC, Ci, and er replaced by the corresponding refractive indices. The numerical values for y were found to be different between the two approaches, but those for Wt were generally very close for a given soil. Both approaches give a reasonably good fit to the experimental data and are essentially equivalent for practical purposes. Thus only the first approach will be discussed in detail in the following sections.
IV. RESULTS
Before (2)- (5) can be used for calculations of C and compared with the measured data, the soil porosity and the dielectric constants of all the constituents in the soil-water mixture have to be determined. The porosity P of a dry soil is defined by [31] P-l _ Ps (7) Pr where ps is the density of the dry soil and Pr is the density of the associated solid rock. For the soil samples used in the dielectric measurements at 5 GHz and 1.4 GHz ps lies in the range of 1.1-1.7 g/cm3, while Pr varies between 2.6 and 2.75 g/cm3 [29] and for simplicity is assumed to be -2.65 g/cm3. Entering the average value of ps for the soil samples in (6) gives P 0.5, which will be used exclusively in this paper. It can be shown that with either P = 0.4 or P = 0.6, the calculated dielectric constants of a soil-water mixture differ only slightly from the ones with P = 0.5. The dielectric constants of ice, eC and e7, are assumed to be -3.2 and 0.1, respectively, and are frequency independent at frequencies > 1 GHz [32] . Ca and ea of air are taken to be 1 and 0. e' and cr of a solid rock vary [331, but the respective values of 5.5 and 0.2 fits well with the experimental value of the dry soils. For water eI and 4" change with frequency in the microwave region [5] . They are calculated separately at 1.4 GHz and 5 GHz from the method mentioned in the previous section.
With the values of the dielectric constants of each constituent given, the real part e' of a soil-water mixture were computed as a function of moisture content W, from (2) results best conformed to the equation e' (calculated) = e'
(measured) with a high correlation coefficient > 0.9. The y and Wt thus obtained were used to calculate c' from (2)-(5). 6't was then calculated by (6) with a as a parameter. The same regression analysis was performed for the calculated and measured e' to determine a.. These procedures were followed for data of each soil listed in Table I Fig. 5 are the same as those shown in Fig. 4 , with the addition of the data for Et. The agreements between the calculated and observed e' and Ct with appropriate values of y, Wt and a are reasonably good. For Miller Clay, the observed Et' appears to level off at W, > 0.3 cm3/cm3
and seems not to follow the W,' dependence. The observed Et at 1.4 GHz for all of the remaining soil samples [1] , [7] showed the similar pattern like that of Vernon Clay in the figure and were described by (6) fairly well. The correlation coefficients for the determination of y, Wt, and a generally lie in the range of 0.90-0.99. Fig. 7(a) that the majority of data points fall above the 1:1 line, suggesting a higher transition moisture as determined from the measured dielectric property than the wilting point moisture of a soil defined at the 15-bar moisture tension. It is also noted that, within the precision of the measurements, the data displayed in the figure are consistent with the frequency independence of Wt. However, with correlation coefficients of 0.79 and 0.91 for (8) and (9) Lundien [II as shown in Fig. 2 and by Newton [7] 
